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Abstract
We present measurements of a transmission-line
network, designed for cloaking applications in the
microwave region. The network is used for chan-
nelling microwave energy through an electrically
dense array of metal objects, which is basically im-
penetrable to the impinging electromagnetic radia-
tion. With the designed transmission-line network
the waves emitted by a source placed in an air-
filled waveguide, are coupled into the network and
guided through the array of metallic objects. Our
goal is to illustrate the simple manufacturing, as-
sembly, and the general feasibility of these types of
cloaking devices.
Keywords: Transmission-line network; scattering
cross section; electromagnetic cloak.
I. INTRODUCTION
The interest in different types of devices and
materials for dramatic reduction of the total scat-
tering cross sections of arbitrary or specific ob-
jects, has gained a large amount of interest after
the publication of recent papers [1, 2, 3, 4]. Ear-
lier, the subject of hiding objects or particles from
the surrounding electromagnetic fields was studied
over the recent decades by many others as well,
e.g., [5, 6, 7, 8, 9].
Recently, we have proposed an alternative ap-
proach to cloaking of objects composed of electri-
cally dense arrays of small inclusions (in princi-
ple, these inclusions can be composed of arbitrary
materials) [10, 11]. Since these objects can be
two-dimensional or even three-dimensional inter-
connected meshes of e.g. metallic rods, practical
applications of these types of cloaks include hiding
strongly scattering objects such as support struc-
tures situated close to antennas, creating filters (a
“wall” or a slab letting through only a part of the
spectrum of the incoming field), etc. Also, as it
has been recently proposed, these networks offer a
simple way of creating new types of matched lenses
especially for microwave applications [12].
The goal of this paper is to experimentally
demonstrate the simple manufacturing and assem-
bly of the previously proposed transmission-line
structure, where the transmission lines composing
the network are realized as parallel metal strips.
By measurements we confirm the previously pre-
dicted matching of the network with free space,
as well as a possibility of transmission of fields
through an electrically dense mesh of metal ob-
jects. These results demonstrate the benefits of
this simple approach to cloaking and present an
easy way to measure the performance of these
types of periodic structures.
II. TRANSMISSION-LINE NETWORK
The transmission-line network that is used here
is the same as designed in Ref. [10], with the opti-
mal impedance matching with free space observed
around the frequency of 5.5 GHz. For this de-
sign, the matching with free space and the cloaking
phenomenon were verified with full-wave simula-
tions [10]. In this paper we demonstrate the simple
manufacturing and assembly of this type of struc-
ture by choosing to use a two-dimensional periodic
transmission-line network with a square shape and
16 × 16 unit cells in the network. The edges of
the network are connected to a “transition layer”
(parallel metal strips gradually enlarging from the
ends of the network), as proposed in Ref. [10].
By inserting the designed network inside a
metallic parallel-plate waveguide (with the plates
lying in the xy-plane), we effectively realize the
same situation as would occur with an infinitely pe-
riodic array of networks with the periodicity along
the z-axis, since here the electric field is assumed
to be parallel to the z-axis (as in the example case
that was studied previously [10]). See Fig. 1 for an
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FIG. 1: Color online. Illustration of the designed
transmission-line network. (a) Network in the xy-
plane. (b) Network in the yz-plane.
illustration of the transmission-line network with
all the necessary dimensions of the structure in-
cluded.
The structure shown in Fig. 1 was manufactured
by etching from a thin copper plate. The network
can be simply assembled from two similar profiles
(each profile as shown in Fig. 1a) just by placing
them on top of each other, as shown in Fig. 1b.
Ideally, the volume between these two metal ob-
jects should be free space [10]. Here, due to prac-
tical reasons, we have placed small pieces of styro-
foam (with material properties very close to those
of free space) between the metal strips. For assem-
bly purposes, pieces of styrofoam are placed also on
top and below the metal strips for support. These
styrofoam pieces naturally do not affect the prop-
agation properties of the transmission lines since
the fields are mostly confined between the parallel
strips.
In Ref. [10] the reference object, i.e., the ob-
ject that we wanted to cloak (hide) from the sur-
rounding electromagnetic fields, was an array of
infinitely long perfectly conducting rods (that fit
inside the neighboring transmission lines of the
network). Here, we use a similar periodic struc-
ture as a reference object through which we want
to guide the fields. The individual inclusions of
this reference object are metal cylinders (parallel
to the z-axis) with the same height as the net-
work (∼13 mm). The diameter of these cylinders
is 4 mm and there are a total of 15× 15= 225 cylin-
ders in the array.
III. MEASUREMENT SETUP
The measurement setup that is used here is sim-
ilar to the one presented in Ref. [4]. With our
measurements we effectively simulate an infinitely
periodic structure with the periodicity in the ver-
tical (z-) direction, by introducing a measurement
cell consisting of a parallel-plate waveguide with
its metallic plates lying in the xy-plane. Because
of the image principle (the electric fields are as-
sumed to be mostly parallel to the z-axis inside the
waveguide), we can thus measure only one period
of the structure. The difference between the mea-
surement setup used here and the one in Ref. [4]
is that here the upper plate of the waveguide is
formed by a dense wire mesh, that lets through a
fraction of the field inside the waveguide, instead
of having a solid metallic upper plate with a hole
for the probe, as was used in Ref. [4]. The mesh
that we use here is the same as the one used in
Ref. [13], i.e., the mesh is a thin copper plate, in
which square holes of size 4 mm × 4 mm have been
etched with the period of the holes being 5 mm. A
small part of the field gets through this mesh and
we can measure that field with a probe placed on
top of the waveguide [13].
To simplify the measurement, we excite a cylin-
drical wave inside the waveguide with a feed probe
(a coaxial probe placed inside the waveguide) and
measure the transmission from this probe to the
other probe (“measurement probe”, placed on top
of the waveguide) with a vector network analyzer
(VNA, Agilent E8363A). The use of the metal
mesh as a part of the top plate of the waveguide
(rather than using a probe inside the waveguide)
ensures that the measurement probe does not dis-
turb the field inside the waveguide. The measure-
ment probe on top of the waveguide is stationary,
and the waveguide is moved with a PC-controlled
scanner, synchronized with the VNA for precise
measurements in the wanted coordinate positions.
These points where the measurement of the com-
plex S21-parameter are taken with the VNA, can
be arbitrarily chosen with the PC-program run-
ning the scanner. All the measurements presented
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FIG. 2: Illustration of the measurement setup.
(a) Waveguide with a metal mesh in the upper plate.
(b) Measurement system with a VNA connected to the
feed and measurement probes (the measurement probe
is stationary) and a PC controlling the scanner which
moves the waveguide in x- and y-directions.
in this paper were done with the steps of 5 mm. As
the measured area is 240 mm × 100 mm, we will
have the complex S21 measured at 49 × 21 = 1029
different points in the xy-plane.
The probe that we use here is a monopole ori-
ented along the z-axis and positioned approxi-
mately at 3 mm away from the metal mesh. The
probe is intentionally poorly matched at the fre-
quencies of interest (5 GHz – 6 GHz) in order to
make sure that the measurement probe does not
disturb the fields inside the waveguide. The high
dynamic range of the VNA makes sure that we can
measure the electric field distribution inside the
waveguide even with this poorly matched probe.
See Fig. 2 for an illustration of the measurement
setup. The parallel-plate waveguide that we use
here has the width and length of 1 m, and the
height h = 13 mm (ideally h should be equal to
12.73 mm [10]). A part of the upper plate is re-
moved from the center for the placing of the metal
mesh (the area above which we want to measure
the field distributions). The area of this mesh is
260 mm × 185 mm. The measurable area is fur-
ther restricted by the used scanners. We have used
(a)
(b)
FIG. 3: Color online. (a) Photograph of the mea-
surement setup, showing the aluminium parallel-plate
waveguide and a copper mesh placed in the center of
the top plate of the waveguide. (b) Photograph of the
lower half of the TL network together with one metallic
rod of the reference object.
two scanners, one with the movement limited to
300 mm (x-axis) and one with the movement lim-
ited to 100 mm (y-axis). The area to be mea-
sured has been decided to be 240 mm × 100 mm,
centered in the mesh area. The feed probe is po-
sitioned in the center of the mesh along the y-
direction and just outside the measured area in the
x-direction (to have more space between the mea-
sured area and the feed), i.e., the feed probe coor-
dinates are decided to be x = 250 mm, y = 50 mm,
with the origin of this coordinate system being in
one corner of the measured area. See Fig. 3 for a
photograph of the measurement setup, taken from
the direction of the positive z-axis, showing the
empty waveguide and the metal mesh inserted as
a part of the upper plate. The feed probe position
and the measured area are also illustrated in the
figure.
4The volume between the waveguide plates, sur-
rounding the metal mesh, is filled by a microwave
absorber. The large size of the waveguide ensures
that the reflections from the waveguide edges are
minimized (the absorber thickness in the x- and
y-directions is approximately five wavelengths or
more at the frequency of 5 GHz).
IV. MEASUREMENT RESULTS
Three different measurements were conducted:
1) an empty waveguide, 2) the reference object
(array of 15 × 15 metal cylinders) inside the
waveguide, and 3) the reference object and the
transmission-line network inside the waveguide
(with the inclusions of the reference object placed
in the space between the transmission lines of the
network). All the measurements were conducted in
the frequency range from 1 GHz to 10 GHz, with
the step of 0.025 GHz.
In the first case (empty waveguide), the results
showed an expected result: at higher frequencies,
i.e., at 5 GHz and up, the waveform inside the
waveguide is close to the waveform produced by a
line source. At lower frequencies, where the waveg-
uide is electrically smaller, the reflections from the
edges start to affect the field distributions, making
them more complicated. See Fig. 4a for a snapshot
of the measured time-harmonic electric field distri-
bution at the frequency 5.85 GHz. Some reflections
naturally still occur (mainly from the absorbers),
but it is clear that the wave inside the waveguide
resembles a cylindrical wave emanating from the
point x = 250 mm, y = 50 mm.
In the second case (reference object inside the
waveguide), the results were again as expected:
at the higher frequencies, where it makes sense
to compare the field distributions, the wavefronts
emanating from the source are strongly reflected
at the front boundary of the reference object. The
field is seen to “split” in the center and move up or
down along the reference object side. See Fig. 4b
for a snapshot of the measured time-harmonic elec-
tric field distribution at the frequency 5.85 GHz.
In the third case (the reference object and the
transmission-line network inside the waveguide)
the field pattern on the source side is seen to be
well preserved (as compared to Fig. 4a) in a cer-
tain frequency band around 5.85 GHz. Also, at the
backside of the network, some field is propagat-
ing. At the position of the network (which encom-
passes the reference object), no field is measured,
(a)
(b)
(c)
FIG. 4: Color online. Snapshots of the measured
time-harmonic electric field distributions at 5.85 GHz.
(a) empty waveguide, (b) reference object inside the
waveguide, (c) reference object and the transmission-
line network inside the waveguide. The “transition
layer” connected to the network is not shown in (c)
for clarity.
since the fields are confined inside the transmission
lines. See Fig. 4c for a snapshot of the measured
time-harmonic electric field distribution at the fre-
quency 5.85 GHz.
To further study the differences between the sit-
uations with and without the network, the phase
distributions, calculated from the measured com-
plex field data, are shown in Fig. 5, plotted only in
the area between the reference object/network and
the feed probe, i.e., in the area x = 175 mm ... x =
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FIG. 5: Color online. Phase of the measured electric
field distribution at 5.85 GHz. (a) empty waveguide,
(b) reference object inside the waveguide, (c) refer-
ence object and the transmission-line network inside
the waveguide. The phase distributions in each figure
are interpolated from the corresponding measurement
data for clarity.
240 mm. As compared to the empty waveguide
(Fig. 5a), the case with the bare reference object,
Fig. 5b, looks very different. This is due to the
strong reflections from the front edge of the refer-
ence object. When the transmission-line network
is placed inside the waveguide, together with the
reference object, we see that the resulting phase
distribution again is close to the one in Fig. 5a.
A more illustrative measure for the operation
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FIG. 6: Color online. Absolute value of the measured
electric field distribution at 5.85 GHz, normalized to
the maximum field value measured in front of the refer-
ence object/network (in the region x = 175 mm ... x =
240 mm). (a) reference object inside the waveguide,
(b) reference object and the transmission-line network
inside the waveguide.
of the network is to compare the absolute value
of the field behind the reference object with and
without the network in place (i.e, in the area
x = 0 mm ... x = 50 mm). These results are
shown in Fig. 6a and Fig. 6b, for the case without
the network and with the network, respectively.
As demonstrated by Fig. 6, the field amplitude be-
hind the reference object is strongly suppressed
(as compared to the field amplitude in front of
this object). With the transmission-line network
in place, the field amplitude behind the reference
object/network is practically the same as in front.
The size of the network in this example case is
comparable to the wavelength, so the inherent dif-
ference of the phase velocities between the wave
propagating inside the network and the wave in
free space, results in a change, or distortion of
the impinging cylindrical waveform, as can be seen
from Fig. 6b. The reasons for this difference in the
phase velocity are discussed in Ref. [10]. Also, as
the sharp edges of the square-shaped network are
close to the measured area, scattering from these
edges distorts the waveform. Note that the previ-
ously simulated “cloak slab” [10] was much wider
than the network measured here.
To obtain efficient cloaking, i.e., to preserve the
waveform of the incident wave both in front and
behind the object (to reduce the total scattering
cross section), one clearly needs to use a cloak
which is electrically small enough and which does
not have strong irregularities in its shape, not to
cause significant forward scattering. It is also pos-
sible to use an electrically large cloak, dimensions
6of which are properly designed for a specific fre-
quency range so that the desired reduction of the
forward scattering is achieved [10]. When the in-
cidence angle of the impinging radiation is not
known, the cloak naturally needs to be symmet-
ric, i.e., cylindrical in the two-dimensional case or
spherical in the three-dimensional case [10, 11].
Also, what is important in the case when the an-
gle of the incident radiation is not known, the
transmission-line network needs to be isotropic in
the frequency range where most efficient cloaking
is needed, i.e., the network period must be small
enough as compared to the wavelength, as e.g. in
the cylindrical cloak studied in Ref. [11].
V. CONCLUSIONS
We have presented a prototype of a previ-
ously proposed and designed transmission-line net-
work for cloaking purposes. In this paper we
have demonstrated the benefits of this approach,
such as the simple manufacturing, and confirm by
measurements the predicted impedance matching
with free space and the resulting field propagation
through such a network (with a periodic array of
metallic rods placed between the transmission lines
of the network). The results are compared with
a measurement of an empty measurement cell and
with a measurement of the periodic array of metal-
lic rods, effectively behaving as an impenetrable
wall at the frequencies of interest.
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